Abstract: This paper examines the GHG emission of industrial process in Shenyang city, in the Liaoning province of China, using the 2006 IPCC greenhouse gas inventory guideline. Results show that the total GHG emissions of industrial process has increased, from 1.48 Mt in 2004 to 4.06 Mt in 2009, except for a little decrease in 2008. The cement industry, and iron and steel industries, are the main emission sources, accounting for more than 90% of the total carbon emissions. GHG emissions in 2020 are estimated based on scenario analysis. The research indicates that the cement industry, and iron and steel industries, will still be the largest emission sources, and the total carbon emissions under the business as usual (BAU) scenario will be doubled in 2020 compared with that of 2009. However, when countermeasures are taken, the GHG emission will reduce significantly. Using more clinker substitutes for blended cement, and increasing direct reduction iron process and recycled steel scraps are efficient measures in reducing GHG emission. Scenario 4, which has the highest ratio of 30/70 blended cement and the highest ratio of steel with recycled steel-EAF process, is the best one. In this scenario, the industrial process GHG emission in 2020 can almost stay the same as that of 2009. From the perspective of regions, cement industry and iron and steel industry accounted for the vast majority of GHG emission in all industries. Meanwhile, these two industries become the
growth in domestic demand. Crude steel production in China reached 273 million tons in 2004, about three times the figure for 1994, and accounted for around 25 .8% of global steel production [18] . In addition, China was the biggest cement producing and consumption country in this world [19] . Cement output increased from 209.7 to 1868 million tonnes of cement between 1990 and 2010 in China, and now represents over half of the world's total cement production [20] .These dramatic increases in steel and cement production are consistent with the trends in energy consumption and CO 2 emission. It should be mentioned that the amount of GHG emission from process-related accounted for growing larger portion in total GHG emission in China. In the year 2009, the process-related GHG emission from cement industry accounted for 54.1% of total cement industry in China [21] . The GHG emission of industrial process from iron and steel industry contributed more than 60% of the total GHG emissions in steel industry [22] . Therefore, it is crucial for researchers to focus on the study of GHG emission of the industrial process, including cement, steel and other industries.
The purpose of this study is to estimate the GHG emission of the industrial process and predict its reduction potentials with scenario analysis, so as to give some policy implications to local government. Thus, this study selects a city scale as a case study to study the GHG emission of industrial process, which is more accessible and representative to make scenario analysis. The paper is structured as follows: first, we give a brief description of the background information of Shenyang city and the industrial process GHG emission; then, we present the method used to assess the GHG emission of the industrial process; third, we introduce results for the case study of Shenyang city and make a general understanding of current state of industrial process GHG emission from year 2004 to 2009; fourth, we present scenario analysis based on business as usual(BAU) scenario and scenario with countermeasures to predict future industrial process GHG emission of 2020, so that proper scenarios and feasible GHG abating measures could be obtained; and finally, conclusions are drawn.
Background

Study Area
Shenyang, the capital city of Liaoning Province, located in the south of northeastern China and the central of Liaoning, with an administrative area of 12,881 km 2 ( Figure 1 ). Shenyang is the biggest international metropolis of the Northeastern area of China and is known as one of the most important heavy industrial bases of China [23] . Since 2003, the central government has implemented the strategy of "revitalizing the old industrial bases in Northeastern China", and Shenyang was selected as the first city to demonstrate the strategy. It aimed to shift the industrial structure by improving resources efficiency and reducing the environmental pressure, thus later Shenyang was identified as the core of the new-industrialization zone for national demonstration [24] . The new-industrialization zone is mainly composed of equipment manufacturing industry, metallurgical industry, and petrochemical industry, which is taken as typical and representative case in blazing a trail to new industrialization and new urbanization, and expected to offer a demonstration for China's change in industrial development mode and economic development transformation. Under such circumstances, Shenyang's economy and urbanization will definitely continue to increase rapidly, and industrial sectors of cement, steel and relative material requirement will take an important role. 
Definition of Industrial Process GHG Emission
Generally, the total GHG emission of industrial production is mainly composed of two parts: energy related emissions and process related emissions. Energy related emissions are mainly from energy consumption, such as direct emissions from combustion of fossil fuel, and indirect emissions from consumption of electricity and heat. And almost all industrial sectors cause energy related emissions. While only some industrial sectors cause process related emissions, including [25] :
• Metal production-e.g., carbon dioxide and perfluorocarbon emissions from aluminum smelting; and carbon dioxide, methane and nitrous oxide emissions from iron and steel production.
• Chemical industry-nitrous oxide emissions from the production of nitric acid (largely used in production of ammonium nitrate); carbon dioxide emissions from ammonia production; and methane emissions from the production of organic polymers and other chemicals.
• Mineral products-carbon dioxide emissions from cement clinker and lime production, the use of limestone and dolomite in industrial smelting processes, soda ash use and production, magnesia production, and the use of other carbonates (sodium bicarbonate, potassium carbonate, barium carbonate, lithium carbonate and strontium carbonate).
• Food and drink production-carbon dioxide emissions from ammonia production, carbon dioxide wells, ethylene oxide production and sodium bicarbonate use.
Consumption and production of halocarbons and sulfur hexafluoride is also covered by the industrial processes sector but are not considered in this paper for lack of data.
Industrial process GHG emission means the process related emissions discussed above. And the industrial sectors selected in this paper are determined according to the 2006 IPCC Guidelines for National Greenhouse Gas Inventories [15] and the industrial condition of Shenyang. Twelve major industrial sectors are examined including cement production, glass production, refractory production, ammonia production, methanol production; graphite and carbon black, coke production, pig iron production; raw steel production, primary aluminum production, and Lead production are focused on.
Methodology
GHG Emission Calculation
Estimating GHG emission resulting from the industrial process is by no means straightforward. In some industrial processes, the GHG is produced by chemical reaction (e.g. , the cement production, glass production et al.); in some industrial processes, the GHG is produced by oxidization of fossil fuels used as reducing agent to smelt metals (e.g., the metallurgy industry), whereas in some other processes, the GHG is produced by the chemical reaction during the production of certain chemicals (e.g., ammonia). The estimation of GHG emissions related to industrial process was part of the IPCC 2006, which provide internationally agreed methodologies intended for use by countries to estimate greenhouse gas inventories to report to the United Nations Framework Convention on Climate Change. The estimation of GHG emissions was mainly based on the IPCC 2006 tier 1 method. (6) where: E [tons-(t)] represents the emission amount of CO 2 or CH 4 from the industrial process. The final GHG emission for each industrial process is changed to CO 2e after multiplying the Global warming potential 21 [26] ; AD represents the activity data that is the physical production of industrial products; EF [t CO2 or CH4/t product] represents the emission factor of CO 2 or CH 4 ; i represent the index number of industrial sector.
Data Sources
We derive (i) production data from the Shenyang Statistic Yearbook (2005) (2006) (2007) (2008) (2009) (2010) , and (ii) process-and product-specific emission factors from IPCC 2006 and other sources [19] . Production data of the twelve industrial sectors of Shenyang City in the year 2004 -2009 is shown in Table 1 . Emission factors of carbon dioxide and methane for each industrial process are summarized in Table 2 . It is difficult to get industrial process emission factors specified for China or Shenyang, so the emission factors are mainly from the default values of IPCC 2006. According to IPCC 2006, all the industrial sectors selected in this paper cause CO 2 emissions. However, most of the industrial sectors do not cause CH 4 emissions, except for methanol, carbon black, coke, pig iron, and raw steel production. The value is the average emission factors of China and is obtained from reference [15] . b The emission factor that does not consider cullet ratio is 0.2. The cullet ratio of glass in this paper is 0.4, hence the final emission factor for glass is 0.12. c IPCC 2006 has mentioned the refractory products, but has not given the emission factor. So the emission factor refers to that of the glass.
Current Industrial Process GHG Emission for Shenyang
Total GHG Emission during 2004-2009
The 
GHG Footprint Emissions of Twelve Industrial Sectors during 2004-2009
As shown in Figure 3 , Cement, coke, raw steel, clinker, and glass production are the top five sectors that have the largest GHG emissions of industrial process in the years [2004] [2005] [2006] [2007] [2008] [2009] . GHG emissions of the five sectors add up accounting for about 91.41%, 95.01%, 96.69%, 97.83%, 98.57% and 98.77%, respectively from year 2004 to 2009. Among the top five emission sectors, cement production has the largest GHG emissions, accounting for about 40-50 percent from year 2004 to 2009, and is the most important sector that should be paid attention to. Coke production and raw steel production are two second important sectors that contribute to the total GHG emissions. Besides, the three major industrial sectors show the same emission trend with the total GHG emissions of industrial process, which is increasing year by year, although slightly decreases in 2008. It demonstrated that the variation of total GHG emission was mainly determined by the three sectors.
It can be seen from Figure 4 that the top five major emission sectors in 2004 are cement production, clinker production, coke production, raw steel production, and glass production orderly. In addition, the emission percentage is 46.43%, 16.73%, 12.47%, 9.18% and 6.73%, respectively. The total percentage of the five industrial sectors is 91.54%. In addition, the GHG emissions of the other six industrial processes account for only 8.46%. While GHG emission from coke production and raw steel production increased obviously in 2005. In addition, emissions from cement and clinker process begin to shrink. So the top five major sectors in 2005 are cement production, coke production, clinker production, raw steel production, and glass production orderly. Furthermore, the emission percentage is 40.54%, 21.23%, 16.28%, 12.34% and 4.68%, respectively. The sum of the five industrial sectors comes to about 95%. Emission percentage of cement, coke and raw steel production keeps increasing on the whole 
Comparison of GHG Emission of Three Categories during 2004-2009
To compare the industrial process GHG emission from a more specific scale, the twelve industrial processes can be classified into three categories that are the cement industry, the iron and steel industries, and others. The cement industry consists of cement production and clinker production. The iron and steel industry consists of coke production, pig iron production, and raw steel production. Others mean the sum of the rest industrial processes. Analysis from Figure 5 demonstrated that GHG emission of industrial process is mainly from the cement industry, and iron and steel industry. From year 2004 to 2009, total GHG emissions of the two categories are 1. Analysis above shows that the cement industry, and iron and steel industry, contribute most of the industrial process GHG emission. It is mainly caused by the high consumption requirement of cement and steel with the quick urbanization and industrialization. To reduce GHG emission of industrial process, solutions can be taken from reducing the production of cement and steel by controlling consumption or lowering the emission factors by improving the industrial technique. However, China is undergoing transformation of economy development, and it is unpractical for Shenyang to reduce the production of cement and iron & steel. 
Scenario Analysis
A scenario may be defined as a "hypothetical sequence of logical and plausible (but not necessarily probable) events, constructed in order to focus attention on causal processes and decision points" [27] . Scenario analysis has been applied to diverse efforts ranging from literary descriptions to model-based projections, from visionary thinking to minor adjustments to BAU projections [28] . Scenario analysis here is to predict the GHG reduction potentials and find out feasible countermeasures. The cement industry, and iron and steel industry are the main sources of industrial process GHG emission (accounting for more than 97%), so countermeasures are only focus on the two industries. However, steel and cement industry has grown rapidly due to a huge growth on economy [29] . And the growth is expected to continue over the next few years. Hence, it is more feasible to reduce the emission factors than reduce the production of both the cement, iron and steel industries. Solutions for less GHG emissions may be from the improvement of production technique, adoption of new technologies, implementation of incentive measures or other policies that can reduce GHG emission factors.
Countermeasures Introduction
For cement industry, the industrial process GHG emission accounts for about 52% of the total cement production emissions [30] , and it is mainly caused by the chemical process of making clinker, so measures can be taken from the aspects of using clinker substitute, which can reduce the amount of limestone that needs to be reacted at the cement plant while maintaining the amount of cement produced [14] . The cement industry is a typical example of "scavenger" in industrial ecology [31] . The practices of utilizing different wastes in cement production process has been known for quite a long time, which is now recognized as one opportunity for reducing CO 2 emissions [32] .
Mineral components (MC), including pozzolana, blast furnace slag, fly ash, and waste materials from other production processes such as steel and coal-fired power production, can be used as clinker substitute to produce blended cement [33] . The clinker fraction of different cement types can range from a high of 95%-97% for a straight Portland cement, to 25% or less for cement (Table 3 ) [15] . And scenarios for cement was designed based on the percentage of different blended cement types. Straight Portland cement having 95% clinker fraction a Country production mix refers to the range of products of a country, e.g., "75/25" means 75% of total production is Portland cement (PC) and the rest is blended cement. b The inclusion of slag allows for a base to the blend of Portland or Portland blast furnace slag cement or both. All Portland in blended cement is assumed to be 95% clinker.
For the iron and steel industry, the industrial process GHG emission is complicated. Steel production can occur at integrated facilities from iron ore, or at secondary facilities that produce steel mainly from recycled steel scrap. Integrated facilities typically include coke production, pig iron production by blast furnaces (BF), and raw steel production by basic oxygen furnaces (BOFs), or open hearth furnaces (OHFs) some times. Raw steel is more often produced by using BOFs than by using OHFs from pig iron produced by the BFs, and secondary steelmaking usually, however, occurs in electric arc furnaces (EAFs).The iron and steel industrial process emissions come from three major processes: coke production, BF, and BOF (OHF or EAF). However, most emissions are from BF/OHF and coke production, and emissions from EAF are relatively small. Besides, direct reduced iron (DRI) process, in which coke is not needed, is a high quality, low energy consumption and low pollution process. DRI is normally used as a replacement for scrap metal in the electric arc furnace steelmaking route or used as coolant in the BOFs to improve the production of raw steel, and is encouraged by the government. It is a good substitute for BF and should be encouraged. Emission factors for separate processes are shown in Table 4 . So measures can be taken from the aspect of steel production types. If steel were produced directly from recycled scrape steel, process of BF and coke will be omitted and GHG emission can be reduced significantly. It is inevitably to make steel from iron ore. In this case, GHG reduction can be achieved by using the DRI process to instead the traditional BF process. 
Scenario Building
Five scenarios are supposed, business as usual (BAU) scenario and four with countermeasures. BAU scenario, with no countermeasures, assumes that the production of industrial process increase with linear growth, and emission factors keep the same as current emission factors. Scenarios with countermeasures assume that the productions of industrial sectors are the same as BAU, but the values of emission factors are reduced through various countermeasures. Scenarios for cement industry and iron and steel industry are supposed in Table 5 . The cement type is a little different from that in Table 3 . It is not the ratio of PC and blended cement, but the ratio of PC and MC. For instance, "70/30" means the blended cement with 70% of PC and 30% of MC additives. BAU scenario shows that the situation of China's current cement production mix is 63% Portland cement and 37% 50/50 blended cement. From scenario 1 to scenario 4, the ratio of Portland cement becomes less and less, and ratio of high MC content blended cement increases. The BAU scenario for raw steel production is based on the default composition of steel production in IPCC 2006. For scenario 1, 50% of the steel in Shenyang is produced by the iron ore-BF-BOF production process, 20% is produced by the iron ore-DRI-BOF production process, and 30% is made from recycled steel-EAF process. The ratio of steel produced by recycled steel-EAF production process increased, and ratio of steel produced by iron ore-DRI-BOF process decreases from scenario 1 to scenario 4. a In BAU scenario, 5% does not means the ratio of iron ore-DRI-BOF (EAF) production type but that of iron ore-BF-OHF type. That is to say raw steel is produced using OHFs from pig iron produced by the BFs.
Emission factors for different cement type are calculated based on the clinker content. Portland cement is assumed to be 95% clinker. Values calculated for cement type are: % PC*95%*0.52. While for different steel production type, the emission factors are the sum of emission factors of corresponding separate processes in Table 4 . The final results are demonstrated in Table 6 . 
Results and Discussions
The forecast of GHG emission of BAU scenario is shown in Table 7 . Results show that GHG emission of industrial sectors such as ammonia, methanol, carbon black, pig iron, primary aluminum and lead disappeared by linear regression in 2020. Only six major industrial sectors exist, of which cement, clinker, raw steel, and coke are still the largest emission sectors, accounting for about 98% of the total GHG emissions. Cement, iron and steel industries are still the largest emission sources. However, the total GHG emissions under this forecast will increase obviously, reaching to about 8.28 Mt that is about two times of 4.06 Mt in year 2009. GHG emissions of the four scenarios with countermeasures are shown in Table 8 . It demonstrates that all the four scenarios have impact on reducing industrial process GHG emission compared with BAU scenario. The total GHG emissions of cement, iron and steel industries for scenario 1 to 4 are 85%, 74%, 60% and 49% of the BAU scenario, respectively. Scenario 4 is the best one, and its total GHG emissions can almost keep the same with that of 2009.Comparing cement, iron and steel industries, it is more sensitive for the iron and steel industry than for the cement industry to keep the GHG emissions. Take scenario 4 for an example, the GHG emission of cement and clinker is predicted to be 1.98 Mt and 1.70 Mt respectively, which are still larger than 1.63 Mt and 1.59 Mt in year 2009 (or are larger than half that of the BAU scenario). While for raw steel and coke production process, the GHG emissions are to be controlled at 0.23 Mt and 0.1 Mt respectively, which are smaller than 0.23 Mt and 0.51 Mt in year 2009 (or are far smaller than that of the BAU scenario). However, because of the big difference of base numbers, the absolute values for cement industry are bigger than that for the iron and steel industry. b Coke are used only in the iron ore-BF-BOF production type, so for different steel production type, the consumption of coke varied accordingly. However, not all the coke obtained from the Statistic Yearbook is used for iron and steel sector.
It can also be used for other uses. Here 85 percent of the coke production is assumed for iron and steel production and 15 percent is for other uses.
This study discussed GHG reduction measures from the aspect of technology. For cement industry, scenarios focus mainly on clinker substitute. It is one of the four technological measures summarized by the World Business Council for Sustainable Development [34] , and shows larger potentials than the other three measures [35] . The efficiency of clinker substitute in GHG reduction is manifested in this paper. It is also useful for energy related emission reduction and can benefit relative industries that produce MIC wastes. Average ratio of PC/S is 85/15 in China, and large potential for blended cement can be expected [36] . However, MIC resources are in decline and most of the world production of suitable blast furnace slag and fly ash are already destined for use in the cement industry [37] . As for the iron and steel industry, DRI process is a promising technique for GHG reduction in industrial process. GHG emission was reduced not only during the process itself, but also in the coke production process for less coke needed. Besides, production type of recycled steel-EAF is effective in reducing the GHG emission, due to the high proportion of recycled scrap and the use of electrical energy [10] . Increasing the ratio of DRI and recycled iron and steel will be efficient measures in reducing GHG emission, only if corresponding technique is available [38] .
For the rapidly developing regions, industrial CO 2 emission is affected by both industrial production changes and process technology [39] . Hence, there is more GHG reduction potential if industrial activity/production were considered. Such measures may include new additives that can reduce the amount of cement requirement, other low carbon building materials that can replace cement, adjustment measures that can control the population and construction, etc. However, industrial activity/production is not discussed in this study for two reasons. Firstly, it is complicate to consider the influencing factors and difficult to quantify the factors for building prediction model. Secondly, the final result of the measures is the reduction of industrial production, and this can be easily figured out based on the results obtained in this paper.
Conclusions
Industrial process GHG emissions increase quickly with fast urbanization and industrialization. Intensive study of the industrial process GHG emission should be investigated to respond to climate change. This paper simulates industrial process GHG emission and its reduction potentials by taking feasible technological measures, taking Shenyang as a case. Twelve industrial sectors that cause industrial process emissions are selected for study. Results indicate that industrial process GHG emission shows an increasing trend from year 2004 to 2009, although decreasing a little in 2008. The cement, iron the steel sectors are the main sources of industrial process GHG emission, occupying more than 90 percent.
Based on scenario analysis, one BAU and four with different countermeasures, the industrial process GHG emission of Shenyang in 2020 is predicted. The results show that if the industrial sectors go under current trend (BAU scenario), the total GHG emissions will reach 8.28 Mt in 2020, about two times of that of 2009. However, the four other scenarios with countermeasures prove to be effective in reducing industrial process GHG emission. And scenario 4 is the best one. It can almost keep the GHG emission at the same level as that of 2009. It can be demonstrated from scenario analysis that using clinker substitute for blended cement and increasing the ratio of DRI process and recycled steel will be efficient measures for Shenyang.
